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We investigate the QCD Compton effect y&w by using 

Monte Carlo methods to simulate complete three jet events 

for photon-nucleon interactions. This process provides 

unique possibilities for jet studies because the incoming 

photon transfers its entire energy to the final state gluon 

and quark jets. We present a number of predictions for 

photons in the range of energies presently available up to 

Tevatron energies and find that the QCD Compton effect will 

dominate over vector meson dominance at large gluon 

transverse momenta. 
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I. Introduction 

Recent studies of large transverse momentum phenomena 

based on Quantum Chromodynamics (QcD), have been mainly 

directed at the gluon bremsstrahlung processes in deeply 

inelastic lepton-nucleon scattering or in e+e- annihilation 

to quark-gluon jet systems 1 . A [I cleaner test of 

perturbative QCD should be possible with the QCD Compton 

effect, yq+gq, where the incoming real photon transfers its 

entire energy to the final state quark and gluon jets at 

high transverse momenta 2 . 
Cl 

The point-like component of 

the photon entering this react ion has characteristics 

distinct from the hadron-like component, especially at the 

edges of available phase space, i.e., at high transverse 

momenta, high fractional parton momenta, etc., where the 

typical vector-meson component of the photon is sharply cut 

off. The particular advantage of the QCD Compton effect 

over gluon bremsstrahlung derives from kinematics. In the 

QCD Compton effect, as viewed from the photon-quark center 

of mass frame, there is nothing going forward in the initial 

photon direction to mask the produced high transverse 

momentum parton jets. The spectator diquark jet is 

relatively soft and travels in the backward c.m. direction. 

There are other potentially interesting hard scattering 

processes that have the same kinemati.cal advantage, for 

example, the inverse QCD Compton effect qg+qy (direct photon 



3 

production) or photon-gluon fusion yg+Gq. In this analysis 

we shall concentrate on the QCD Compton effect and simulate 

complete events resulting from the hadronization of the 

final state quarks and gluons 

yN+(q-jet)+(g-jet)+(di-quark - jet). 

II. Event Simulation 

The invariant jet cross section for the QCD Compton 

effect 2 [I as depicted in Fig. la is 

Edo(yp+jet+X)= 4 Cx f (x 
d3p iii i, 

where E is the c.m. energy, p the momentum of the detected 

particle, and fi(xi,Q2:) gives the momentum density 

distribution of quark i with momentum fraction xi inside the 

proton. The differential cross section for the QCD Compton 

subprocess with variables as labelled in Fig. lb is 

(2) 

with ei=fractional electric charge carried by quark i, Y is 

the gluon c.m rapidity, a=1/137, and 
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xTe 
-Y 

2pT x. - -----.- 
1 - 2-xTe Y ' XT=--'- ' 

Js 

a,(~*) = 127/ (33~ZN,h(Q”/f’*) 1 , 

Q2 = 2QQ G/(22 + ?* +P,, 

s = (PY+Pi)*, L(Py-Pg)2, G.(Pi-PgJ2, 

where h = 0.30 GeV and we adopt Feynman's 
[II 

3' definition of 

Q2. 
I 

Our Monte Carlo 4 [I simulates complete QCD Compton 

events in photon-nucleon interactions in the photon-nucleon 

center-of-mass frame. We neglect the effective parton 

masses and initial parton Fermi motion inside the nucleon. 

We also impose restrictions on the kinematical range of 

variables Q* and the momentum fraction Xi of the proton 

carried by pat-ton i, Q*>l GeV*/c*, 0.04<Xi10.99. For the Q* 

dependent fractional momentum distributions of quarks in the 

target nucleon we use the Buras and Gaemers parametrization 

[I 5. 
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Without much loss in physical significance of our Monte 

Car10 simulation results, we may assume that the valence 

diquark system in the proton, which is the spectator to the 

hard photon-quark scattering, is a valence antiquark (i.e., 

3). It moves backwards, opposite to the direction of the 

incoming photon beam, whereas the two large PT jets (quark 

and gluon jets) move apart from each other at angles large 

compared to the initial photon direction. 

The photon-nucleon reactions we examine produce three 

color systems moving separately in the center-of-mass frame 

of reference. We employ the standard prescription of Field 

and Feynman [I 6 to simulate the subsequent fragmentation of 

the color systems resulting from the confinement mechanism. 

We treat the radiated gluon as a quark-antiquark pair of 

definite flavor. The original quark of this pail- carrying 

some fraction of the gluon momentum moves along the 

fragmentation axis and generates a color field in which new 

quark-antiquark pairs evolve. The original quark then 

fragments into a "leading" meson (which is not necessarily 

the fastest meson in the "string") by combination with an 

antiquark from a newly created q4 pair in the Color field. 

The original quark transfers a portion of its momentum to 

the remaining quark of this new qq pair, which then cascades 

further in the same manner until all the available energy 

and momentum are exhausted. The last "primary" meson is a 
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combination of a new quark and the "spectato9' antiquark 

(di-quark). With a similar procedure a second string of 

primary mesons is created in such a way that the first meson 

has the antiquark of the gluon and the last meson contains 

the final state quark of the QCD Compton process yq+gq. 

The momenta of the new quarks (antiquarks) transverse 

to the fragmentation axis are distributed according to a 

Gaussian, dc/dPT2 o( exp (-PT*/2ai), where ~~-350 MeV/c. The 

longitudinal momenta are distributed according to the 

scaling forms of the fragmentation functions proposed by 

Field and Feynman 61 . 

We utilize a recent measurement of the relative 

probability for generating strange quark-antiquark pairs, 

P s, in the color field as compared to uiIi(da) quark pairs, 

Ps/Pu(Ps/Pd), and take the probabilities to be P,=Pd=0.44, 

Ps:0.12, where we have neglected charmed particle production 

(Pu+Pd+Ps'l) 7 . 11 
Since the experimental data for the production ratio 

between primary mesons in different spin states are not 

accurate enough, we assume that vector and pseudoscalar 

mesons are produced with equal probability. This is not 

inconsistent with the experimental results 8 . [I 
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Finally, the three-jet final states, fully simulated by 

our Monte Carlo program, are Lorentz transformed into the 

laboratory system along the z-direction which is defined by 

the incoming photon. Because we neglected the parton masses 

and transverse motion in the nucleon this transformation is 

satisfactory‘though only approximately correct. 

III. Simulation Results 

We have generated 3000 QCD Compton events with 

different kinematical selections for each c.m. energy 

studied. In the following we shall study the invariant jet 

cross sections and general characteristics of these events. 

The cross section for the reaction yp+gluon jet + X is 

estimated to be between 10 and 20 nb with the gluon jet at 

90' in the overall center-of-mass frame. Figure 2 shows the 

theoretical prediction of the gluon jet cross section at the 

gluon c.m. rapidity Y=O, which falls smoothly with the gluon 

transverse momentum pT' Dependence on the incident photon 

energy is shown in Fig. 3, where we plot the invariant cross 

sections for 6 of 9.7, 15.6, 19.4 and 27.4 GeV. A Pi4 

behaviour is seen at &=19.4 GeV. The curve labelled "VMD" 

shows the "hadron-like" behavior of the photon as described 

by the vector Meson Dominance model which leads to a steeply 

falling cross section as a function of PT 9 . [I The rapidity 
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distributions at different fixed pT values are shown in 

Fig. 4. Concentration of produced hadrons in the jet is 

clearly seen at positive rapidities for each PT. 

The fragmenting quark should be dominantly a u-quark 

because of the electromagnetic coupling, and thus one would 

expect that the positively charged mesons would reflect the 

original quark flavor. In Fig. 5, we show the 

PT-distribution, du/dPT, for all the charged particles 

excluding x+ mesons and for pi+ mesons only. No significant 

differences are observed, as expected. Note that to make 

absolute normalization possible we have restrictions, O<Y<l, - - 

2~P~z6.5 GeV/c, on the final state gluon. 

The expected increase in the ratio of 1~+ to s- mesons 

in the forward hemisphere as a function of Feynman x-values 

and the hadron transverse momenta relative to the photon 

direction can be seen in Fig. 6. 

The average charged multiplicity has been reported to 

have an energy dependence much stronger than In s in various 

experiments, such as e+e- annihilations and pp collisions 

El 0 . Our Monte Carlo generated QCD Compton events exhibit 

the same behavior for the average multiplicity of final 

state hadrons as a function of 6, illustrated in Fig. 7. 

Our prediction for the absolute charged multiplicity is much 
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less than the naively expected value. This will be 

discussed in the next section. 

We show the energy dependence of the invariant mass 

distribution in Figs 8(a) and (b). The total invariant mass 

in the forward c.m. hemisphere increases faster with energy 

than the corresponding mass in the backward hemisphere. 

Characteristics of the gluon jet can also be studied by 

means of the energy flow outside an angular cone about the 

gluon jet axis in the overall center-of-mass frame. Our 

prediction for the energy flow 11 
[1 

, as shown in Fig. 9, 

rises sharply at small angles and shows little change as the 

size of the angular cone increases. This rate of energy 

flow also depends on the incoming photon energy, as 

illustrated. 

IV. Discussions and conclusions 

We have generated complete QCD Compton events where the 

final state production of 3 jets is studied in detail. 

Subsets of this analysis can be compared with the work of 

other authors who examine one jet. Such invariant jet cross 

sections, as for the yN+(jet)+X reactions, have been studied 

theoretically by Owens 9 [I and other authors 12 . 
[I 

Our 

simulation results for the invariant gluon jet cross section 

at various energies appear to have the same behaviour 
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predicted by these previous authors, (see Fig. 3). As the 

energy increases, the invariant gluon jet cross sections 

become flatter allowing us to isolate the VMD contribution 

from the QCD Compton processes at PT greater than 4.5 GeV/c 

[I 9 . The hadron-like component of the photon does not give 

any important background at such large PT values due to the 

faster decrease of the parton distribution functions in the 

target nucleon with increasing parton fractional momentum. 

~The accumulation of hadrons produced in the gluon jet 

at c.m. rapidities Y>O is seen in Fig. 4. Such behaviour is 

also seen by plotting the invariant mass distribution, do/dM 

vs M for the final state hadrons in both forward and 

backward hemisphere as shown in Fig. a. Without 

experimental data, it is reasonable to assume that there is 

a 50% probability for finding a gluon jet and 50% 

probability for finding a quark jet among the isolated jets 

in the laboratory. From the phenomenological point of view, 

the gluon jet is expected to contribute more to the average 

multipli~city than the quark jet. Thus we should see more 

hadrons in the forward hemisphere, than expected for the 

hadron-like photon-nucleon processes. Furthermore, as the 

energy increases, the leading order QCD term becomes a 

dominant contribution in the photon production processes, 

which is demonstrated by the strong increase in the number 

of final state hadrons in the forward ems hemisphere 
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relative to the backward hemisphere. 

There is no obvious difference between the 

PT-distribution of all charged particles without including 

IT+ mesons with that due to x+ mesons only, as shown in 

Fig. 5. The ratio R:a+/a- of a+ mesons to n- mesons 

produced in the forward c.m. hemisphere increases with 

increasing xF and pT' as shown in Fig 6, an effect 

illustrating the dominance of u-quark jets among the 

produced quark jets. The relatively slow increase of R as a 

function of xF or PT can be understood in terms of our prior 

assumption of equal probability for formation of uii and da 

pairs in the color field during the fragmentation process. 

Final particle multiplicities are shown in Fig. 7. We 

do not show the average multiplicities of x- mesons and K- 

mesons, because they are almost identical with those of 1~+ 

mesons and K+ mesons, respectively. For no-multiplicities, 

we roughly expect the relation <n 
no 

>=(<n >+<n 
n+ 

->)/2 

(Isospin symmetry) to hold. The relative number of K zesons 

just reflects the experimental value of the ratio Ps/Pu. 

From Fig. 7, we conclude that there is a strong increase in 

the average charged and neutral multiplicities. We would 

like to recommend the average charged multiplicity as a 

convenient quantity to measure in an experiment. For pure 

three-jet events we have made a conservative estimate (based 



12 

on completely independent jet production) of the average 

charged multiplicity at 6~27.4 GeQ, which turns out to be 

within the range 2O<<n ch ' <30. However, the generated QCD 

Compton events predict <n ch"13.77, which is lower than our 

naive estimate. This is expected in our scheme of 

correlated jet production. 

Fig. 9 shows the characteristics of the g1uon jet in 

the overall center of mass frame, which can be used to 

differentiate it from other quark jets. The slow behaviour 

of these curves at angles greater than 20° is expected from 

the uncertainty principle which limits the transverse 

momenta of hadrons fragmenting from the gluon jet. From the 

phenomenological results, we used the Gaussian distribution 

with a=0.35 to generate the final hadrons. 

More experimental data are needed to further study our 

predictions. We stress that even though, in our simulation, 

we ignore effective parton masses, parton Fermi motion 

inside the nucleon and treat the diquark as an antiquark, we 

should get reasonably reliable results. 

We believe that the study of the QCD Compton effect via 

Monte Carlo techniques provides a new dimension in 

understanding large PT phenomena. Our work indicates that 

One can identify the jet by studying the PT distributions, 
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mass distributions, multiplicities, and energy flow. Some 

information relevant to the kinematic constraints can also 

be obtained from the simulation method to aid the 

experimental set-up of the detectors for the study of yN 

reactions. The photon-nucleon data expected from 

experiments possible with the Tevatron should be able to 

isolate~signals from the yq+gq subprocess. 
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Figure Legend3 _I-_.-.-,------ 

Fig. l(a) The photon-quark colli3ion in the center of 

momentum frame indicating the final state quark, 

gluon and diquark jets. 

(b) The QCD Compton effect for photon + quark + gluon 

+ quark with the subprocess kinematical variables 

A 
3, 2, 9 labelled. 

Fig. 2 Theoretical prediction for the inclusive gluon 

transverse momentum 
0 pT distribution in YN 

interaction3 at JG19.4 GeV with the g1uon 

rapidity equai zero. 

Fig. 3 Predictions of the invariant gluon-jet cross 

section at various energies: . . . . . . for 

G9.7 GeV, .-.-.- for ,b=15.6 GeV, - - - for 

&=19.4 GeV and --- for 6~27.4 GeV. The vector 

meson dominance contribution is the curve 

labelled by VMD. 

Fig. 4 Theoretical predictions for gluon-jet rapidity 

distributions at the energy J 3 of 19.4 GeV and 

transverse momentum PT of 1, 2 and 4 GeV/c. 
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Fig. 5 Predictions of the PT distributions for the final 

state hadrons: (i) unshaded area for all charged 

particle3 without including TI+ mesons and (ii) 
- 

shaded area for n+ mesons only, at the energy J3 

of 19.4 GeV. The gluon jet3 are restricted to 

O<Y<l and 2zPTz6.5 GeV/c. - - 

Fig. 6(a) Predictions for the ratio n+/n- as a function of 

xF in the forward c.m. hemisphere. 

(b) Predictions for the ratio IT+/IT- as a function of 

hemisphere: . . . . . . for 

;: in the forwar~OrC;~,9~4 GeV an,, 3-15.6 GeV, - - - ---, _ for 

6~27.4 GeV. 

Fig. 7 Prediction3 for the mean multiplicities of (a) 71+ 

meson3, (b) K+ mesons, Cc) neutral particles and 

(d) all charged particles vs &. Note that <IT-> 

and <K-b are not shown as they are very similar 

to <IT+> and <K+>, respectively. 

Fig. 8(a) Predictions for the total invariant ma33 

distribution for the final state hadrons in the 

c.m. forward and backward hemispheres: (i.1 

unshaded area for particle3 with y>O and (ii) 

shaded area for particles with y<o, at 
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615.6 GeV. The gluon jets are restricted to 

O<Y<l and Here M2 is defined as - - 2~P~s6.5. 

cc PI)2 for final state hadrons. 
i=l 

(b) Same as (a) exceptGz19.4 GeV. 

Fig. 9 Predictions for the angular energy flow outside 

of the cone about the gluon jet axis in the 

overall c.m. frame: (i) . . . . . . for 69.7 GeV, 

(ii) -.-.-.-. for 615.6 GeV, (iii) ------ for 

fi~l9.4 GeV and (iv) -~-- for ,/s\27.4 GeV. 
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